
US006882960B2 

(12> Ulllted States Patent (10) Patent N0.: US 6,882,960 B2 
Miller (45) Date of Patent: Apr. 19, 2005 

(54) SYSTEM AND METHOD FOR POWER PUMP 6,206,108 B1 * 3/2001 MacDonald et al. ........ .. 175/24 
PERFORMANCE MONITORING AND 6,208,497 B1 * 3/2001 Seale et al. ............... .. 361/160 
ANALYSIS 6,582,204 B1 * 6/2003 Gray, Jr. ................... .. 417/364 

(76) Inventor: J. Davis Miller, 6 Horizon Point, * Cited by examiner 
Frisco, TX (US) 75034-6840 

Primary Examiner—Marc S. Hoff 
( * ) Notice: Subject to any disclaimer, the term of this Assistant Examiner_Fe1iX Suarez 

patent is eXtended 0r adjusted under 35 74 Attorne ,A em, or Firm—GardereW nne SeWell LLP y g y 
U.S.C. 154(b) by 0 days. 

(57) ABSTRACT 

(21) Appl- NOJ 10/373,266 A poWer pump performance analysis system includes a 
- . signal processor connected to pressure sensors for sensing (22) Filed. Feb. 21, 2003 

pressures in the cylinder chambers and inlet and discharge 
(65) Prior Publication Data piping of a single or multi-cylinder pump. Pump speed and 

piston position are determined by a crankshaft position 
US 2004 0167738 A1 A . 26 2004 . . . . 

/ ug ’ sensor. Pump vibration, ?uid temperatures, and poWer input 
(51) Int. Cl.7 ................................................ .. G06F 9/06 may also be measured by sensors connected to the processor. 
(52) us. Cl. ..................... .. 702/182; 702/177; 702/179; Performance analyses, including determination of pump 

702/183 volumetric ef?ciency, mechanical ef?ciency, suction and 
(58) Field of Search ............................... .. 702/150, 175, discharge Valve Sealing delay, Valve and Piston Seal leakage, 

702/177, 179, 182, 183, 74, 91, 104, 188, How induced pressure variations, acceleration induced pres 
189; 175/24; 417/43; 700/90 sure detection, hydraulic resonance detection and pulsation 

dampener performance may be measured and selected 
(56) References Cited parameters displayed on a visual display connected to the 

processor directly or via a network. 
U.S. PATENT DOCUMENTS 

5,063,775 A * 11/1991 Walker, Sr. et al. 73/15231 39 Claims, 13 Drawing Sheets 

50 

26 

34 72 33C 31 

58 60 

30 



U.S. Patent Apr. 19,2005 Sheet 1 0f 13 US 6,882,960 B2 

50 

26 

34 72 33C 31 

58 

32 

33a 

54a 54 25 
—1\ \ \ 



U.S. Patent Apr. 19,2005 Sheet 2 0f 13 US 6,882,960 B2 

m. 



U.S. Patent Apr. 19,2005 Sheet 3 0f 13 US 6,882,960 B2 

25m 

v .wi 23 . 21.32". 28222 092020 95m 
08¢ 83. comm 8cm ocmn 

ooou 

com? 

0 

55.0mm oEmE2o> new 3252022 

82. 
an om rm mm mm mm mm Fm mm mm 02. 

% - Anuegogyg 





U.S. Patent Apr. 19,2005 Sheet 5 0f 13 US 6,882,960 B2 

91ml...“ F8. 
7.», L3 . v ‘ 

. , {$2.55 
raw‘, @9303 . .. rconuaw 

Q9 V . 5.3.. . ?rst. 

£602 2 v83 3.; vhwcsw 







U.S. Patent Apr. 19,2005 Sheet 8 0f 13 US 6,882,960 B2 

Fig. 9 



m2. 

c2. 

2 .5 
2:52 Ba moxobm - uwonw nEzm mm om mm on m.“ on mm om mm 

US 6,882,960 B2 Sheet 9 0f 13 Apr. 19, 2005 

O 

ESIEPPII 52 Soil mm2o><nl x22 26E] 522-88.] 52-30% . 5E 32.... . mmm5>< . x2232". . x2238. . 

U.S. Patent 

Esmwoi mEaE mmEnumE 

coo? camp ocoN ocmu coon 8mm ocov ocmw ooom comm 08m 
Bgsd - amssmd 



U.S. Patent Apr. 19,2005 Sheet 10 0f 13 US 6,882,960 B2 



U.S. Patent 

2 .5 
BEE: En mmxobw . uooam aEsm m2 2:. mm om mm on mm 2 mm ow mm cm 3 

US 6,882,960 B2 

0.53mi 29::22 scream aEzm 



U.S. Patent Apr. 19,2005 Sheet 12 0f 13 US 6,882,960 B2 

AEawv 32$ 95:. 0:. mar 

Q mi. E: 35:02 m 02.01- 2...,32 I 8.8- 8.05 2.0.3,, .. , 02:. 



U.S. Patent Apr. 19,2005 Sheet 13 0f 13 US 6,882,960 B2 

,1 an 

:55 “Saw BEE 00.0». mm 
8 

2: or P 
on? 

.1 0% a. 

z 

000 A1 . 3.: ‘6532". com-o2- omTogl oer-03D ovTouP? oNTooPE 00 Tom I 860 D 00.2‘ D 910w I ou-o B 

6105861.] new 0; need 



US 6,882,960 B2 
1 

SYSTEM AND METHOD FOR POWER PUMP 
PERFORMANCE MONITORING AND 

ANALYSIS 

BACKGROUND 

Reciprocating piston positive displacement pumps, often 
called poWer pumps, are ubiquitous, highly developed 
machines used in myriad applications. HoWever, a recipro 
cating piston poWer pump is inherently a hydraulic pressure 
pulse generator producing hydraulic imposed forces that 
cause Wear and tear on various pump components, including 
but not limited to piping connected to the pump, the pump 
cylinder block or so-called ?uid end, inlet and discharge 
valves, including actuating springs, and seal components, 
including piston or plunger seals. 

There has been a longstanding need to provide improved 
performance analysis for reciprocating piston poWer pumps, 
in particular, to determine if deteriorations in pump perfor 
mance are occurring, to analyZe the source of decreased 
performance and to further provide an analysis Which may 
be used to schedule replacing certain so-called eXpendable 
parts of the pump prior to possible catastrophic failure. 
Pump operating characteristics can have a deleterious 

affect on pump performance. For example, delayed valve 
closing and sealing can result in loss of volumetric 
e?iciency, and indicate a need for increased pulsation damp 
ener siZing requirements. Factors affecting pump valve 
performance include ?uid properties, valve spring design 
and fatigue life, valve design and the design of the cylinder 
or ?uid end housing. For eXample, delayed valve response 
also causes a higher pump chamber pressure than normal. 
Higher pump chamber pressures may cause overloads on 
pump mechanical components, including the pump crank 
shaft or eccentric and its bearings, speed reduction gearing, 
the pump drive shaft and the pump prime mover. Moreover, 
increased ?uid acceleration induced pressure “spikes” in the 
pump suction and discharge ?oWstreams can be deleterious. 
Fluid properties are also subject to analysis to determine 
compressibility, the existence of entrained gases in the pump 
?uid stream, susceptibility to cavitation and the affect of 
pump cylinder or ?uid end design on ?uid properties and 
vice versa. 

Still further, piston or plunger seal or packing leaking can 
result in increased delay of pump discharge valve opening 
With increased hydraulic ?oW and acceleration induced 
hydraulic forces imposed on the pump and its discharge 
piping. Moreover, proper siZing and setup of pulsation 
control equipment is important to the e?iciency and long life 
of a pump system. Pulsation control equipment location and 
type can also affect pump performance as Well as the piping 
system connected to the pump 

Accordingly, as mentioned above, there has been a con 
tinuing need to provide a system and method for pump 
performance analysis Which is convenient to use, may be 
easily installed on eXisting Working pump systems, may 
provide for determination of What factors are affecting pump 
performance and may identify What pump components may 
be in a state of deterioration from design or ideal operating 
conditions. It is to these ends that the present invention has 
been developed. 

SUMMARY OF THE INVENTION 

The present invention provides an improved system for 
monitoring and analyZing performance parameters of recip 
rocating piston or so called poWer pumps and associated 
piping systems. 
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The present invention also provides an improved method 

for analyZing poWer pump performance. 
In accordance With one aspect of the present invention, a 

system is provided Which includes a plurality of sensors 
Which may be conveniently connected to a reciprocating 
piston poWer pump for measuring various performance 
parameters, said sensors being connected to a digital signal 
processor Which processes signal received from the sensors 
and provides for transmission of data and certain graphic 
displays Which indicate the status of various pump compo 
nents and their performance. The system is conveniently 
mounted on eXisting pump installations and may include 
pressure sensors for measuring (a) ?uid pressures in piping 
upstream and doWnstream of the pump, (b) any or all 
cylinder chamber pressures, (c) the temperature of the ?uid 
being pumped, (d) the temperature of the lubricating oil of 
the mechanical drive or so-called poWer end of the pump, (e) 
vibration of the pump and/or connected piping, poWer 
input to the pump poWer end, and (g) pump crankshaft 
position. Signals from sensors measuring the aforemen 
tioned parameters are input to a commercially available 
digital signal processor, Which signals are then analyZed by 
a computer program and may be output to a receiver, such 
as a computer, either directly or via a netWork, such as the 
Internet. 

In accordance With a further aspect of the present 
invention, the pump performance analysis system provides 
unique displays shoWing pump operating parameters includ 
ing peak-to-peak pressures, pump ?oW rate, volumetric and 
mechanical e?iciency, valve operating characteristics and 
piston/plunger seal operating characteristics. Graphical dis 
plays of various other parameters may also be provided. 

Still further, in accordance With the invention, a system is 
provided for generating a graphical display of pump dis 
charge or pump chamber pressures as a function of piston or 
plunger position in the cylinder chamber, and providing data 
indicating valve closing and opening characteristics. Graphi 
cal displays of pump speed versus discharge pressure varia 
tion and valve sealing delays are provided. Still further, 
pump discharge pressure versus crankshaft rotational posi 
tion and pressure spikes or so-called frequency response are 
graphically displayed using the system of the invention. The 
system further provides graphical displays of pump speed 
versus discharge piping pressure, pump intake (suction) 
manifold pressure and peak-to-peak pressures versus pump 
speed, the last mentioned displays being three dimensional 
or simulated three dimensional displays. 
The performance analysis system of the present invention 

further includes an easily utiliZed sensor for determining the 
positions of the pump plungers or pistons for one complete 
revolution of the pump eccentric or crankshaft. An optical 
sWitch including a beam interruption, mountable on a pump 
crosshead eXtension part, for eXample, is easily provided, 
requires no intrusion into the poWer end of the pump, and is 
operable to provide pump piston or plunger position deter 
mination and pump speed. 

Still further, the system of the invention includes the use 
of easily mountable pump chamber pressure sensors to 
detect chamber pressure, valve seal delays, ?uid compres 
sion delays, piston or plunger packing and seal operation, 
suction acceleration head loss response, pump delta volume 
factor required to predict pulsation control equipment 
performance, and maXimum and minimum pump chamber 
pressures. Pump delta volume factor is the volume of ?uid 
a pulsation dampener must take in and discharge to provide 
continuous non-varying ?uid ?oW divided by total pump 
chamber piston displacement. 
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The method of the present invention utilizes the system of 
the invention described above to determine pump suction 
and discharge valve performance, compression delays as a 
function of pump chamber siZe, ?uid compressibility and 
?uid decompression together With pump chamber volumet 
ric ef?ciency. 

The method of the invention further measures pressure 
variations during ?uid compression to indicate the condition 
of piston or plunger packing or seals, suction and discharge 
valve leak rates, pump suction line acceleration head, ?uid 
cavitation detection and valve sticking. 

Still further, the method of the invention also provides for 
sensing ?uid pressures to determine ?oW induced and accel 
eration induced pressure variations, ?uid hydraulic reso 
nance detection, pneumatic pulsation control equipment 
performance, volumetric ef?ciency, ?oW rate, net positive 
suction head, mechanical ef?ciency, component Work his 
tory and life cycle analysis. 

Those skilled in the art Will further appreciate the above 
mentioned advantages and superior features of the system 
and method of the invention, together With other important 
aspects L thereof, upon reading the detailed description 
Which folloWs in conjunction With the draWing. 

BRIEF DESCRIPTION OF THE DRAWING 

FIG. 1 is a top plan vieW in someWhat schematic form 
shoWing a reciprocating plunger or piston poWer pump 
connected to the performance analysis system of the present 
invention; 

FIG. 2 is a longitudinal central section vieW taken gen 
erally along line 2—2 of FIG. 1; 

FIG. 3 is a graphic display provided by the system of the 
invention illustrating valve and pump plunger seal charac 
teristics; 

FIG. 4 is a graphic display provided by the system of the 
invention comprising a diagram of pump volumetric and 
mechanical ef?ciency versus pump discharge pressure; 

FIG. 5 is a graphic display provided by the system of the 
invention comprising a diagram shoWing mechanical and 
volumetric efficiency versus pump speed; 

FIG. 6 is a graphic display shoWing pump suction and 
discharge pressures versus piston position and also shoWing 
valve and seal operating characteristics; 

FIG. 7 is a graphic display provided by the system of the 
invention comprising a diagram of pump chamber pressure 
variations during the compression cycle, an indication of the 
condition of the seal, versus pump speed; 

FIG. 8 is graphic display provided by the system of the 
invention comprising a diagram shoWing typical valve seal 
ing delay versus pump speed; 

FIG. 9 is a graphic display of pump pressure, frequency 
response and selected data produced by the system of the 
invention; 

FIG. 10 is a graphic display provided by the system of the 
invention comprising a diagram illustrating discharge (or 
suction) piping (or pump manifold) ?oW, acceleration 
induced, cavitation, and hydraulic resonance pressure varia 
tion versus pump speed; 

FIG. 11 is a graphic display shoWing pressure as a 
function of pump crank position and frequency response at 
the pump suction (or discharge) manifold (or piping) and 
provided by the system of the invention; 

FIG. 12 is a graphic display provided by the system of the 
invention comprising a diagram shoWing pump suction 
manifold pressure versus speed; 
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FIG. 13 is a graphic display provided by the system of the 

invention comprising a three dimensional diagram of pump 
speed versus peak pressures for various pressure pulsation 
frequencies; and 

FIG. 14 is a graphic display provided by the system of the 
invention comprising another diagram of pump speed versus 
peak pressures. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

In the description Which folloWs like elements are marked 
throughout the speci?cation and draWing With the same 
reference numerals, respectively. Certain features may be 
shoWn in someWhat schematic form in the interest of clarity 
and conciseness. 

Referring to FIG. 1, there is illustrated in someWhat 
schematic form, a reciprocating plunger or piston poWer 
pump, generally designated by the numeral 20. The pump 20 
may be one of a type Well-knoWn and commercially avail 
able and is exemplary in that the pump shoWn is a so-called 
triplex plunger pump, that is the pump is con?gured to 
reciprocate three spaced apart plungers or pistons 22, Which 
are connected by suitable connecting rod and crosshead 
mechanisms, as shoWn, to a rotatable crankshaft or eccentric 
24. Crankshaft or eccentric 24 includes a rotatable input 
shaft portion 26 adapted to be operably connected to a 
suitable prime mover, not shoWn, such as an internal com 
bustion engine or electric motor, for example. Crankshaft 24 
is mounted in a suitable, so-called poWer end housing 28 
Which is connected to a ?uid end structure 30 con?gured to 
have three separate pumping chambers exposed to their 
respective plungers or pistons 22, one chamber shoWn in 
FIG. 2, and designated by numeral 32. 

FIG. 2 is a more scale-like draWing of the ?uid end 30 
Which, again, is that of a typical multi-cylinder poWer pump 
and the draWing ?gure is taken through a typical one of 
plural pumping chambers 32, one being provided for each 
plunger or piston 22, the term piston being used hereinafter. 
FIG. 2 illustrates ?uid end 30 comprising a housing 31 
having the aforementioned plural cavities or chambers 32, 
one shoWn, for receiving ?uid from an inlet manifold 34 by 
Way of conventional poppet type inlet or suction valves 36, 
one shoWn. Piston 22 projects at one end into chamber 32 
and is connected to a suitable crosshead mechanism, includ 
ing a crosshead extension member 23. Crosshead member 
23 is operably connected to the crankshaft or eccentric 24 in 
a knoWn manner. Piston 22 also projects through a conven 
tional packing or piston seal 25, FIG. 2. Each chamber for 
each of the pistons 22 is con?gured generally like the 
chamber 32 shoWn in FIG. 2 and is operably connected to a 
discharge piping manifold 40 by Way of a suitable discharge 
valve 42, as shoWn by example. The valves 36 and 42 are of 
conventional design and are typically spring biased to their 
closed positions. Valve 36 and 42 each also include or are 
associated With removable valve seat members 37 and 43, 
respectively. Each of valves 36 and 42 may also have a seal 
member formed thereon engageable With the associated 
valve seat to provide ?uid sealing When the valves are in 
their respective closed and seat engaging positions. 
The ?uid end 30 shoWn in FIG. 2 is exemplary, shoWs one 

of the three cylinder chambers 32 provided for the pump 20, 
each of the cylinder chambers for the pump 20 being 
substantially like the portion of the ?uid end illustrated. 
Those skilled in the art Will recogniZe that the present 
invention may be utiliZed With a Wide variety of single and 
multi-cylinder reciprocating piston poWer pumps as Well as 
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possibly other types of positive displacement pumps. 
However, the system and method of the invention are 
particularly useful for analysis of reciprocating piston or 
plunger type pumps. Moreover, the number of cylinders of 
such pumps may vary substantially betWeen a single cylin 
der and essentially any number of cylinders or separate 
pumping chambers and the illustration of a so called triplex 
or three cylinder pump is exemplary. 

Referring further to FIG. 1, the performance analysis 
system of the invention is illustrated and generally desig 
nated by the numeral 44 and is characteriZed, in part, by a 
digital signal processor 46 Which is operably connected to a 
plurality of sensors via suitable conductor means 48. The 
processor 46 may be of a type commercially available such 
as an Intel Pentium 4 capable of high speed data acquisition 
using Microsoft WINDOWS XP type operating softWare, 
and may include Wireless remote and other control options 
associated thereWith. The processor 46 is operable to receive 
signals from a poWer input sensor 50 Which may comprise 
a torque meter or other type of poWer input sensor. PoWer 
end crankcase oil temperature may be measured by a sensor 
52. Crankshaft and piston position may be measured by a 
non-intrusive sensor 54 including a beam interrupter 54a, 
FIG. 2, mountable on a pump crosshead extension 23, for 
example, for interrupting a light beam provided by a suitable 
light source or optical sWitch. Sensor 54 may be of a type 
commercially available such as a model EE-SX872 manu 
factured by Omron Corp. and may include a magnetic base 
for temporary mounting on part of poWer end frame member 
28a. Beam interrupter 54a may comprise a ?ag mounted on 
a band clamp attachable to crosshead extension 23 or piston 
22. Alternatively, other types of position sensors may be 
mounted so as to detect crankshaft or eccentric position. 

Referring further to FIG. 1 a vibration sensor 56 may be 
mounted on poWer end 28 or on the discharge piping or 
manifold 40 for sensing vibrations generated by the pump 
20. Suitable pressure sensors 58, 60, 62, 64, 66, 68 and 70 
are adapted to sense pressures as folloWs. Pressure sensors 
58 and 60 sense pressure in inlet piping and manifold 34 
upstream and doWnstream of a pressure pulsation dampener 
or stabiliZer 72, if such is used in a pump being analysed. 
Pressure sensors 62, 64 and 66 sense pressures in the 
pumping chambers of the respective plungers or pistons 22 
as shoWn by Way of example in FIG. 2 for chamber 32 
associated With pressure sensor 62. Pressure sensors 68 and 
70 sense pressures upstream and doWnstream of a discharge 
pulsation dampener 74. Still further, a ?uid temperature 
sensor 76 may be mounted on discharge manifold or piping 
40 to sense the discharge temperature of the Working ?uid. 
Fluid temperature may also be sensed at the inlet or suction 
manifold 34. 
Pump performance analysis using the system 44 may 

require all or part of the sensors described above, as those 
skilled in the art Will appreciate from the description Which 
folloWs. Processor 46 may be connected to a terminal or 
further processor 78, FIG. 1, including a display unit or 
monitor 80. Still further, processor 46 may be connected to 
a signal transmitting netWork, such as the Internet, or a local 
netWork. 

System 44 is adapted to provide a Wide array of graphic 
displays and data associated With the performance of a 
poWer pump, such as the pump 20 on a real time or replay 
basis. Referring to FIG. 3, by Way of example, there is 
shoWn a reproduction of a graphic display Which may be 
presented on monitor 80 during operation of the system 44 
for a triplex, single acting, poWer pump, such as the pump 
20. VieWing FIG. 3, it Will be noted that a substantial amount 
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6 
of information is available including pump identi?cation 
(Pump ID) crankshaft speed, ?uid ?oW rate, time lapse since 
the beginning of the display, starting date and starting time 
and scan rate. The display according to FIG. 3 displays 
discharge piping operating pressure, peak-to-peak pressures, 
?uid ?oW rate induced peak-to-peak pressure, ?uid ?oW 
induced peak-to-peak pressure as a percentage of average 
operating pressure, pump volumetric ef?ciency and pump 
mechanical ef?ciency. The display of FIG. 3 also indicates 
discharge valve seal delay in degrees of rotation of the 
crankshaft 24 from a so called piston Zero or top dead center 
(maximum displacement) starting point With respect to the 
respective cylinder chambers of the pump 20, as Well as 
piston seal pressure variation during ?uid compression and 
suction valve seal delay in degrees of rotation of the crank 
shaft or eccentric from the top dead center position of the 
respective cylinder chambers. Still further, as indicated in 
FIG. 3, the pump type is displayed as Well as suction piping 
pressures, as indicated. 

The parameters displayed in FIG. 3 are determined by the 
system of the invention Which utiliZes the sensor 54 and the 
pressure sensors 62, 64 and 66, and at least the pressure 
sensors 60 and 68. By rotating the crankshaft 24 to a point 
Wherein the piston 22 in cylinder no. 1 is at top dead center, 
this position of the crankshaft may be chosen as being at a 
rotation angle of Zero degrees. Beam interrupter 54a may be 
mounted on the crosshead extension 23 for cylinder no. 1 of 
the pump 20 in a selected position such that, as the plunger 
22 for cylinder no. 1 reaches top dead center, the light beam 
of the sensor 54 is interrupted. Typically, a square Wave 
pulse is generated as the beam of the sensor 54 is interrupted 
for a ?nite amount of travel of the piston or plunger for 
cylinder no. 1. For example, tWo degrees of rotation of 
crankshaft 24 before top dead center may be selected as the 
point in Which the beam is interrupted and remains inter 
rupted for a total of four degrees to six degrees of crankshaft 
rotation. Plunger or piston top dead center position is then 
determined to be Zero at tWo or three degrees of rotation of 
the crankshaft 24 from the point at Which the beam of sensor 
54 is ?rst interrupted and this angularity may be incorpo 
rated in softWare When determining the amount of rotation 
of the crankshaft 24 that occurs With respect to other events 
that are sensed by the system 44. The positions of sensor 54 
and beam interrupter 54a as shoWn in FIGS. 1 and 2 are not 
intended to be to scale and other positions may be deter 
mined depending on the pump mechanical con?guration. 

Accordingly, the time from generation of a square Wave 
pulse signal, Which begins With the leading edge of the 
pulse, to When the next square Wave pulse signal is gener 
ated determines the pump cycle in terms of time and rotation 
Which is three hundred sixty degrees of crankshaft rotation, 
of the crankshaft 24 and during Which all three pistons or 
plungers 22 move through a full cycle from top dead center 
to bottom dead center and back to top dead center. Piston top 
dead center position is being measured With sensor 54, 54a 
and is expressed, for purposes of the data obtained and as 
shoWn in the displays of the draWing ?gures, and otherWise, 
in terms of crankshaft angle of rotation With respect to piston 
top dead center. Pump suction stroke timing for each cyl 
inder chamber 32 is represented by one half of a complete 
cycle Which is represented by phase angle of from 0° to 
180.0° of rotation. Discharge stroke timing is represented by 
the second half of the stroke for crankshaft rotation from 
180.0° to 360°. Still further, pump speed is determined by 
the inverse of pump cycle time, that is the time elapsed 
betWeen interruptions of the beam of the sensor 54. 

The respective pressure sensors 62, 64 and 66 sense 
pressure in the respective pump chambers 32 associated With 
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each of the pistons 22 and pressure signals are transmitted to 
the processor 46. These pressure signals may indicate When 
valves 36 and 42 are opening and closing, respectively. For 
example, if the pressure sensed in a pump chamber 32 does 
not rise essentially instantly, after the piston 22 for that 
chamber passes bottom dead center by 0° to 10° of crank 
shaft rotation, then it is indicated that the inlet or suction 
valve is delayed in closing or is leaking. In FIG. 3, for 
eXample, the inlet or suction valve for chamber no. 1 is 
delayed for as much as 21.4° of rotation past bottom dead 
center, as indicated. Thus, the ?uid inlet valve 36 for that 
chamber is not closing and completely sealing properly. By 
the same token, once the piston 22 for cylinder no. 1 has 
reached top dead center and begins its suction or ?uid intake 
stroke, if the pressure for that chamber does not drop 
immediately to pump inlet pressure Within about 0° to 10° 
of crankshaft rotation, but indicates some delay in decreas 
ing to essentially Zero or nominal intake or suction manifold 
pressure, there is indicated to be a delay in closing of the 
discharge valve 42. For eXample, in FIG. 3, the display 
shoWs that discharge valve 42 is not closed for 16.7° of 
rotation after piston top dead center position. Accordingly, 
pressure changes, or the lack thereof, are sensed by the 
cylinder chamber pressure sensors 62, 64 and 66. 

SoftWare embedded in processor 46 is operable to corre 
late the angle of rotation of the crankshaft 24 With respect to 
pressure sensed in the respective cylinder chambers 32 to 
determine any delay in pressure changes Which could be 
attributable to delays in the respective suction or discharge 
valves reaching their fully seated and sealed positions. These 
delays can, of course, affect volumetric e?iciency of the 
respective cylinder chambers 32 and the overall volumetric 
e?iciency of the pump 20. In this regard, total volumetric 
e?iciency is determined by calculating the average volumet 
ric e?iciency based on the angular delay in chamber pressure 
increase or pressure decrease, as the case may be, With 
respect to the position of the pistons in the respective 
chambers. 

The volumetric efficiency of the pump 20 is a combination 
of normal pump timed events and the sealing condition of 
the piston seal and the inlet and discharge valves. Pump 
volumetric e?iciency and component status is determined by 
determining the condition of the components and calculating 
the degree of ?uid bypass. Pump volumetric e?iciency (VB) 
is computed by performing a computational ?uid material 
balance around each pump chamber. 

VE AD 100 
-EX 

Where AD equals actual chamber displacement and 
TD equals theoretical chamber displacement Wherein actual 
chamber displacement equals the chamber volume sWept by 
the piston less inlet valve delayed seal volume, a direct 
timing event, discharge valve delayed seal volume, a direct 
timing event, ?uid decompression volume, a direct timing 
event, inlet valve seal leakage volume, a differential 
computation, pressuriZing seal leakage volume, a differen 
tial computation, and discharge valve seal leakage volume, 
a differential computation. 
A differential computation is made by taking the differ 

ence in normal timed events and actual timed events and 
approximating equivalent rates of ?oW. Pulsation control 
equipment devices are velocity stabiliZers. The actual timing 
events affect the velocity pro?le of the pump and result in a 
larger volume of ?uid to be handled to maintain a given level 
of residual pressure variation as pump component delays 
increase With Wear. 
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Pump chamber pressures, as sensed by the sensors 62, 64 

and 66, may be used to determine pump timing events that 
affect performance, such as volumetric efficiency, and cham 
ber maXimum and minimum pressures, as Well as ?uid 
compression delays. Still further, ?uid pressures in the pump 
chambers may be sensed during a discharge stroke to 
determine, through variations in pressure, Whether or not 
there is leakage of a piston packing or seal, such as the 
packing 25, FIG. 2. Still further, maXimum and minimum 
chamber ?uid pressures may be used to determine fatigue 
limits for certain components of a pump, such as the ?uid 
end housing 31, the valves 36 and 42 and virtually any 
component that is subject to cyclic stresses induced by 
changes in pressure in the pump chambers and the pump 
discharge piping. 
As mentioned previously, the processor 46 is adapted With 

a suitable computer program to provide for determining 
pump volumetric e?iciency Which is the arithmetic average 
of the volumetric e?iciency of the individual pump cham 
bers as determined by the onset of pressure rise as a function 
of crankshaft position (delay in suction valve closing and 
seating) and the delay in pressure drop after a piston has 
reached top dead center (delay in discharge valve closing 
and seating). 
The aforementioned computer program, Which may 

include Microsoft XP Professional Operating System and a 
program knoWn as Lab-VieW available from National 
Instruments, Inc., may be used to calculate pump ?uid ?oW 
rate, Which is computed by multiplying the determined 
pump volumetric e?iciency by the total piston sWept vol 
ume. Moreover, minimum net positive suction head 
(NPSHR) pipe pressures may be computed by computing the 
suction pressure Where a three percent drop in volumetric 
e?iciency occurs. Still further, pump mechanical e?iciency 
may be computed by calculating the hydraulic energy or 
?uid poWer delivered, based on the calculated rate of ?uid 
?oW and discharge pressure Which is divided by poWer input 
to the pump as determined by the sensor 50 or a suitable 
sensor Which measures output poWer of the aforementioned 
prime mover. 

Another diagram Which may be displayed on monitor 80 
or transmitted to another suitable display or monitor, not 
shoWn, is indicated by FIG. 4 Where volumetric e?iciency 
and mechanical e?iciency are displayed as a function of 
pump discharge manifold pressure Which may be sensed by 
sensor 68, FIG. 1, for eXample. A volumetric e?iciency 
curve or line 82, FIG. 4, may be determined based on 
multiple plots of pump discharge pressure and the e?icien 
cies calculated by the processor 46. Curve 84 represents 
pump mechanical e?iciency based on the aforementioned 
method as a function of pump discharge manifold pressure. 

FIG. 5 illustrates a plot Which may also be generated by 
processor 46. FIG. 5 illustrates pump volumetric e?iciency, 
indicated by curve 88, and mechanical efficiency, indicated 
by curve 90, as a function of pump speed in piston or plunger 
strokes per minute. 

Additional parameters Which may be measured and cal 
culated in accordance With the invention are the so-called 
delta volumes for the suction or inlet stabiliZer 72 and the 
discharge pulsation dampener 74. The delta volume is the 
volume of ?uid that must be stored and then returned to the 
?uid ?oWstream to make the pump suction and discharge 
?uid ?oW rate substantially constant. This volume varies as 
certain pump operating parameters change. A signi?cant 
increase in delta volume occurs When timing delays are 
introduced in the opening and closing of the suction and 
discharge valves. The delta volume is determined by apply 
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ing actual angular degrees of rotation of the crankshaft 24 
With respect the suction and discharge valve closure delays 
to a mathematical model that integrates the difference 
betWeen the actual ?uid ?oW rate and the average ?oW rate. 

Another parameter associated With determining compo 
nent life for a pump, such as the pump 20, is pump hydraulic 
poWer output for each pump Working cycle or 360° of 
rotation of the crankshaft 24. Still further, pump component 
life cycles may be determined by using a multiple regression 
analysis to determine parameters Which can project the 
actual lives of pump components. The factors Which affect 
life of pump components are absolute maximum pressure, 
average maximum pressure, maximum pressure variation 
and frequency, pump speed, ?uid temperature, ?uid lubricity 
and ?uid abrasivity. 
As mentioned previously, pressure variation during ?uid 

“compression” is an indication of the condition of a piston 
or plunger packing seal. This variation is de?ned as an 
absolute maximum deviation of actual pressure data from a 
linear value representative of the compression pressure and 
is an indication of the condition of seals, such as seals 25. A 
leaking seal, such as seal or packing 25, FIG. 2, results in a 
longer compression cycle because part of the ?uid being 
displaced is bypassing or leaking through the seal. Apump 
chamber “decompression” cycle is also shorter because, 
after the discharge valve completely closes and seals against 
its seat, part of the ?uid to be decompressed is bypassing a 
plunger seal or packing. The difference in volume required 
to reach discharge operating pressure over a “compression” 
cycle for each pump chamber determines an average leakage 
rate. This leakage rate is adjusted for a leak rate at discharge 
operating pressures by calculating a leak velocity based on 
standard ori?ce plate pressure drop calculations. 

Suction valve leak rate results in a longer decompression 
cycle because part of the ?uid being displaced by the 
pressuriZing element is returning to the pump inlet or suction 
?uid ?oWline. The difference in volume required to reach 
discharge operating pressure over a compression cycle 
determines an average leakage rate. This compression leak 
rate is then adjusted for a leak rate at discharge operating 
pressures by calculating a leak velocity based on standard 
ori?ce plate pressure drop calculations. The leak rate is then 
applied to the duration of the discharge valve open cycle. 

So-called pump intake or suction acceleration head 
response is an indicator of the suction piping con?guration 
and operating conditions Which meet the pump’s demand for 
?uid. This is de?ned as the elapsed time betWeen the suction 
valve opening and the ?rst chamber or suction piping or 
manifold pressure peak folloWing the opening. 

Still further, the system of the present invention is oper 
able to determine ?uid cavitation Which usually results in 
high pressure “spikes” occurring in the pumping chamber 
during the suction stroke. Generally, the highest pressure 
spikes occur at the ?rst pressure spike folloWing the opening 
of a suction valve, such as the valve 36. Both minimum and 
maximum pressures are monitored to determine the extent 
and partial cause of cavitation. 

The system 44 is also operable to provide signals indi 
cating valve design and operating conditions Which can 
result in excessive peak pressures in the pumping chambers 
before the discharge valve opens, for example. These peaks 
or so-called overshoot pressures can result in premature 
pump component failure and excessive hydraulic forces in 
the discharge piping. For purposes of such analysis, the 
overshoot pressure is de?ned as peak chamber pressure 
minus the average discharge ?uid pressure. 

The system 44 of the present invention is also operable to 
analyZe operating conditions in the pump suction and dis 
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10 
charge ?oW lines, such as the piping 34 and 40, respectively. 
A normally operating multiplex poWer pump Will induce 
pressure variations at both one and tWo times the crankshaft 
speed multiplied by the number of pump pistons. FloW 
induced pressure variation is de?ned as the sum of the 
peak-to-peak pressure resulting from these tWo frequencies. 
Also, acceleration induced pressure spikes are created When 
the pump valves open and close. Acceleration pressure 
variation for purposes of the methodology of the invention 
is de?ned as the total peak-to-peak pressure variation. 

Hydraulic resonance occurs When a piping system has a 
hydraulic resonant frequency that is excited by forces 
induced by operation of a pump. Fluid hydraulic resonance 
is determined by analysis of the pressure Waves created by 
the pump to determine hoW close the pressure response 
matches a true sine Wave. 
The system of the invention is also operable to analyZe 

pulsation control equipment operation. For example, pulsa 
tion control equipment or so-called pulsation dampeners are 
subject to failure along With many other components of a 
pump system. Loss of the dampener pneumatic charge can 
result in a signi?cant increase in ?uid ?oW induced pressure 
variations. The system 44 of the invention is operable to 
sound an alarm When the ?oW induced pressure variation 
exceeds a predetermined limit. 

Those skilled in the art Will appreciate that the system 44, 
including pressure sensors 58, 60, 62, 64, 66, 68 and 70, 
together With the sensor 54 provides information Which may 
be used to analyZe a substantial number of system operating 
conditions for a pump, such as the pump 20. Referring to 
FIG. 6, for example, the processor 46 is adapted to provide 
a visual display Which may be displayed on the monitor 80, 
for example, providing the information shown on the draW 
ing ?gure. The graphical display of pressure versus crank 
shaft position for each cylinder chamber may be selectively 
provided. 

FIG. 6 illustrates a graph of chamber no. 3 for the pump 
20 shoWing discharge pressure, as sensed by the sensor 66, 
and indicated by the curve 94. As the crankshaft 24 drives 
the piston 22 associated With cylinder chamber no. 3 on its 
discharge stroke, there is a delay of approximately 19° to 20° 
in crankshaft rotation before pressure increases, Which is 
manifested as a suction valve seal malfunction, as indicated 
on the display of FIG. 6 under the heading “Discharge 
Stroke Delays” to the right of the graph of pressure versus 
crankshaft rotation angle. Moreover, for a design discharge 
pressure of 5000 psig, curve 94 also indicates that a maxi 
mum overshoot pressure of 1143 psi is experienced during 
a piston discharge stroke. Pressure ?uctuations betWeen 
crankshaft angles of about 20° and 40° also indicates pos 
sible seal leakage, such as from a seal 25, as exhibited by 
pressure variations of curve 94. 

Referring further to FIG. 6, there is illustrated a display 
operable to be generated by processor 46. The graph of the 
display shoWn in FIG. 6 includes a second curve 96 shoWing 
pump chamber pressure for chamber no. 3 versus crankshaft 
position as the piston 22 for cylinder no. 3 moves from its 
top dead center position to its bottom dead center position. 
As noted from curve 96, there is a delay of about 14° of 
crankshaft rotation before pressure decreases, indicating 
discharge valve sealing delay, decompression of the ?uid 
and relaxation of any elastic deformation of the ?uid end 
housing 31 or associated cover members, such as the cover 
members 33a and 33b, FIG. 2. FIG. 6 further illustrates the 
amount of rotation of the crankshaft 24 before the suction 
valve opens at 29° of rotation from piston top dead center. 

The graphic display of FIG. 6 also shoWs the discharge 
pressure parameters including discharge manifold pressure, 
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total peak-to-peak pressure, ?oW induced peak-to-peak 
pressure, ?oW induced peak-to-peak pressure as a percent of 
average manifold pressure, the primary (largest) peak-to 
peak pressure Which is occurring at a particular frequency, 
the primary peak-to-peak pressure as a percent of average 
manifold pressure, the frequency in HertZ of the primary 
peak-to-peak pressure and the primary frequency divided by 
pump rotational frequency. The same parameters are shoWn 
for suction manifold pressure in the display of FIG. 6. 

Referring brie?y to FIG. 7, there is illustrated a diagram 
operable to be generated by processor 46 shoWing pressure 
variation versus pump speed as determined by the system 44 
based on measuring chamber pressure and crankshaft posi 
tion and speed. Chamber pressures for cylinder no. 1 are 
indicated by curve 99 and chamber pressure variation for 
cylinder no. 3 are indicated curve 100 in FIG. 7. 

FIG. 8 illustrates a display operable to be generated by 
processor 46 shoWing crankshaft angle versus pump speed 
in strokes per minute Wherein curve 102 represents dis 
charge valve sealing delays in degrees of crankshaft rotation 
from piston top dead center. Suction valve sealing delays, 
from piston bottom dead center, are indicated by curve 104. 

The system 44 of the invention is also adapted to provide 
the graphic displays of FIGS. 9 through 14. Referring to 
FIG. 9, for example, there is illustrated a diagram of pump 
discharge pressure versus crankshaft angle shoWing the 
variation in pump discharge piping pressure, as indicated by 
curve 106, as Well as the frequency and amplitude of 
pressure pulsations, as indicated by the curve 108. Addi 
tional pump operating parameters are also indicated in the 
diagram of FIG. 9. 

Another display Which may be provided by the system 44 
is shoWn in FIG. 10 Which comprises a diagram of pump 
discharge piping pressure as measured by pressure sensor 70 
versus pump speed in piston strokes per minute as calculated 
by the system 44. Still further, as shoWn in FIG. 11, the 
system 44 is operable to display ?uid pressure conditions in 
the pump suction manifold, such as the manifold or piping 
34. The graph of ?uid pressure versus crankshaft angle 
shoWs a curve 110 indicating the variation in suction mani 
fold ?uid pressure. The graph of suction pressure variation 
versus frequency is indicated by a curve 112. FIG. 12 is a 
diagram Which may also be generated and displayed by the 
processor 46 and the monitor 80, of suction manifold 
pressure variation versus pump speed, as indicated. 
As Will be appreciated from the foregoing description, 

valve performance for reciprocating piston poWer pumps is 
an important consideration. The diagram in accordance With 
FIG. 8 comprises a valve timing chart Which displays the 
crankshaft rotation angle past the mechanical ends of the 
piston stroke Where the suction and discharge valves seal, 
respectively, as a function of pump speed. The diagram of 
FIG. 8 indicates that valve sealing delay is varied Within a 
range of at least 2° at a given speed and is increasing by 5° 
or more as pump speed is increased from 50 to 102 strokes 
per minute. A sealing delay of less than 10°, instead of the 
12° to 21° observed, is desirable. 
With respect to the information provided according to 

FIGS. 9 and 10, it Will be appreciated that the amplitude of 
pressure variations in the frequency response diagrams 
indicate that hydraulic resonance is occurring in the dis 
charge piping at a pump speed of 102 strokes per minute. 
Still further, With regard to the diagrams of FIGS. 11 and 12, 
as shoWn by Way of example, acceleration pressure head loss 
is occurring in the pump suction manifold at a maximum 
speed of 102 strokes per minute, as indicated by the differ 
ence betWeen the maximum and minimum pressures at 
maximum speed. 
A typical installation of a system 44 for temporary or 

permanent performance monitoring and/or analysis requires 
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12 
that all of the pressure transducers be preferably on the 
horiZontal center line of the pump piping or pump chambers, 
respectively, to minimiZe gas and sediment entrapment. 
The system of the invention is also operable to determine 

pump piping hydraulic resonance and mechanical frequen 
cies excited by one or more pumps connected thereto for 
both ?xed and variable speed pumps. Preferably, a test 
procedure Would involve instrumenting the pump, Where 
plural pumps are used, that is furthest from the system 
discharge ?oWline or manifold. A vibration sensor, such as 
the sensor 56, should be located at the position of the most 
noticeable piping vibration. The piping system should be 
con?gured for the desired ?oW path and all block valves to 
pumps not being operated should be open as though they 
Were going to be operating. The instrumented pump or 
pumps should be started and run at maximum speed for 
?fteen minutes to alloW stabiliZation of the system. The data 
acquisition system 44 should then be operated to collect one 
minute of pumping system data. Alternatively, data may be 
continued to be collected While changing pump speed at 
increments of ?ve strokes per minute every thirty seconds 
until minimum operating speed is reached. Data may be 
continued to be collected While changing suction or dis 
charge pressures. The displays provided by the processor 46 
should be revieWed for pump operating problems as Well as 
hydraulic and mechanical resonance. If a hydraulic resonant 
condition is observed, this may require the installation of 
Wave blockers or ori?ce plates in the system piping. 

The system 44 is operable to provide displays comprising 
simulated three dimensional charts, as shoWn in FIGS. 13 
and 14, displaying peak-to-peak pressures occurring at 
respective frequencies for a given pump speed in strokes per 
minute. For a triplex pump, the normal excitation frequency 
is three and six times the pump speed. As pump speed 
increases, the excitation frequencies increase. Without ori 
?ce plates or so-called Wave blockers, hydraulic resonance 
Was observed at seven HertZ at 130 strokes per minute for 
the exemplary system of FIG. 13. After installation of ori?ce 
plates or Wave blockers, the peak-to-peak pressure Was 
signi?cantly reduced as indicated by FIG. 14. The pump 
system in question, in fact, experienced normal levels of 
peak-to-peak pressure variation, as indicated in FIG. 14. 

Those skilled in the art Will recogniZe that the system and 
methods of the present invention provide a convenient and 
substantially complete system and process for determining 
performance parameters of hydraulic poWer pumps, and 
may be used on a temporary basis for diagnostic Work and 
on a permanent installation basis for monitoring pump 
operation. The displays of FIGS. 3 through 14 are novel but 
other forms of display may be used Within the scope of the 
invention, including but not limited to tabular forms of 
presenting data, for example. Still further, the displays may 
be presented in other forms, such as via a printer substituted 
for or in addition to the monitor 80. Although preferred 
embodiments of a system and methods are described and 
shoWn, those skilled in the art Will further appreciate that 
various substitutions and modi?cations may be made With 
out departing from the scope and spirit of the appended 
claims. 
What is claimed is: 
1. A performance analysis system for analyZing selected 

performance parameters of a pump system including a 
reciprocating piston poWer pump having at least one recip 
rocating piston operable to displace ?uid from a housing 
having a pumping chamber, said analysis system compris 
mg: 

a piston displacement position sensor operable to sense 
movement of said piston for determining a position of 
said piston; 

a pressure sensor operable to sense pressure in said 

chamber; 










